Treatment of field pennycress (Thiaspi arvense L.) leaves with the herbicide chlorsulfuron resulted in a decrease in the export of assimilate. Twelve hours after a spot application of 1 microgram, assimilate translocation was 70% of that in control leaves. In excised leaves treated with chlorsulfuron the total amounts of sugars and free amino acids were 150 and 170%, respectively, of the amounts in control leaves, 30 hours after herbicide treatment. The amount of sucrose was 247% of that in control leaves. The increase in the concentration of sucrose in the chlorsulfurontreated leaves, combined with the absence of an effect of chlorsulfuron on carbon dioxide fixation, suggests that the decrease in assimilate transport is not due to an effect on the synthesis of assimilates, but rather to an effect on their movement out of the leaves. Supplying branched-chain amino acids to the field pennycress seedlings prior to the application of chlorsulfuron prevented the occurrence of the effects described.
dose was translocated out of treated leaves of several species in a 24-h period. Export of less than 5% of the absorbed chlorsulfuron in 24 h has been reported for Canada thistle and perennial sow thistle (Sonchus arvensis) (8) and for Tartary buckwheat (Fagopyrum tataricum [L.] Gaertn.) (2) .
The limited phloem mobility of chlorsulfuron cannot be, explained in terms of the ability of plant tissue to accumulate the herbicide (6, 7) but, instead, is attributed to an effect on assimilate translocation. The objective of the research described in this paper was to understand the effect of chlorsulfuron on the translocation of assimilates out of treated leaf tissue of field pennycress (Thlaspi arvense L.) seedlings. In addition, the rates of uptake and of translocation of the herbicide and the extent of its metabolism were determined.
MATERIALS AND METHODS
The herbicidal action of a chemical arises from its ability to interact with a plant in such a manner as to inhibit or disturb its growth. This interaction usually involves the inhibition of a process essential to growth. The sulfonylurea herbicide chlorsulfuron4 inhibits the growth of susceptible plants by inhibiting the enzyme ALS, an enzyme common to the biosynthesis of the branched-chain amino acids L-valine, L-leucine, L-isoleucine (4) .
In order for a postemergence herbicide to provide successful control of a deep-rooted perennial weed, for example, Canada thistle (Cirsium arvense [L.] Scop.), it must be translocated from the foliage to the roots following spray application. Sweetser et al. (23) 10 droplets (10 ,uL total volume) of application solution without chlorsulfuron.
Assimilation Chamber
The '4C02-labeling experiments were conducted in a custom-built circular assimilation chamber that could accommodate up to six intact field pennycress seedlings in such a manner that the roots, a single leaf of each seedling, and the remaining parts of the shoots were in three completely separate compartments (24 Exudation time (h) Plant Physiol. Vol. 93, 1990 by rinsing the treated leaf three times with 5 (22) . The data were expressed as percentages of the appropriate controls.
Exudation of Assimilates following Application of [3H]-and [14C]Sucrose
The third leaf of field pennycress seedlings was treated with 0 or 1 ,ug of chlorsulfuron. The treatments were applied to a 1-cm2 oval-shaped area on the adaxial surface of the leaves.
Twelve or 24 h later, the treated leaves were excised and placed with their petioles in 1.5-mL centrifuge tubes containing 0.5 M phosphate buffer (pH 6.0) with 0.5 mM EDTA.
[14C]-Sucrose was applied to the area of the leaf that had been treated with chlorsulfuron, and [3H]sucrose was applied to the area of the leaf that had been treated with blank application solution. The bathing solution was changed 2, 4, 6, 8, 10, and 12 h after the application of the radiolabeled sucrose.
Twelve h after application of the radiolabeled sucrose the leaves were washed with 10% ethanol to remove unabsorbed sucrose (5) . The leaves were frozen with liquid nitrogen and stored at -200C until they were combusted in a biological sample oxidizer.
Incorporation of 14C into Excised Leaves
Leaves were excised and exposed to 14CO2 (185 kBq), 24 h after treatment with 0 or 1 ,ug chlorsulfuron. Following a 30-min labeling period and a 330-min chase period the leaves were frozen with liquid nitrogen and stored at -200C.
Extraction of Leaf Tissue
The various fractions were extracted according to a procedure adapted from Dickson (9) . The tissue was homogenized in MCW. Following a phase separation, the upper wateralcohol phase was transferred to a boiling flask and reduced to dryness under vacuum. The residue was dissolved in 1 mL water and stored at -20°C.
Fractionation of the Water-Alcohol Fraction
The water-alcohol fraction was fractionated using an ion exchange chromatography method (1) . The whole fraction was loaded on a cation exchange column (4.5 mL; Dowex 50X8-400; hydrogen form) connected in series with an anion *' ifri 1h; Time after sucrose application (h) exchange column (4.5 mL; Dowex 1X8-400; formate form). The neutral fraction, containing the sugars, was eluted with 20 mL water. The columns then were disconnected and the amino acid fraction was eluted from the cation exchange column with 60 mL of 3 N HCL. The remaining sugars were eluted from the anion exchange column with an additional 10 mL water. All eluents were reduced to dryness at 40C. The residues were dissolved in 1 mL water and stored at -20°C.
Analysis of the Sugar Fraction
The total amount of sugar in this fraction was determined colorimetrically (22) and total radioactivity was determined by LSS. The individual sugars were separated by HPLC (300 x 7.8 mm Aminex HPX-87H column; ambient temperature; 20-ML sample loop; 0.01 N H2SO4 mobile phase; 0.8 mL/min flow rate; refractive index detection). They were collected in scintillation vials and 14C activity in each was determined by LSS.
Analysis of the Amino Acid Fraction
The total amount of amino acids in this fraction was determined according to the method outlined by Moore (18) . All samples were assayed in duplicate. 
RESULTS AND DISCUSSION

Fate of Chlorsulfuron
Chlorsulfuron was absorbed and translocated slowly (Fig.  1) . Twenty-four hours after application of 3.3 nmol of chlorsulfuron, 2.4 nmol of herbicide were recovered in the leaf washes and 0.8 nmol were recovered from the tissue. Only 0.05 nmol were translocated out of the treated leaf. Total recovery was 97%. Due to the low specific activity of the radiolabeled chlorsulfuron and the small amount of chlorsulfuron exported to the shoot apical tissue, the amount of herbicide present in that tissue could not be determined accurately.
Chlorsulfuron was metabolized very slowly. At 24 h after application of '4C-labeled chlorsulfuron, 90% of the extractable 14C activity was associated with unmetabolized chlorsulfuron. In the metabolism experiments, on average, 92% of the absorbed '4C activity was extracted, and 93% of the applied activity was recovered.
Assimilate Transport
Intact leaves of chlorsulfuron-treated seedlings exported only 60 to 70% of the amount of 'C assimilates exported by intact leaves of control plants 12 or 24 h after herbicide treatment (Fig. 2) . No such effect was observed 6 h after herbicide treatment. Export of assimilate by leaves adjacent to the herbicide-treated leaves was decreased only at 24 h after herbicide treatment. Chlorsulfuron had no effect on the total amount of 14C02 assimilated by the plants.
Excised leaves ofchlorsulfuron-treated seedlings exuded less assimilate, both in terms of "'C activity and sugars, than excised leaves of control plants 12 or 24 h after herbicide treatment ( Fig. 3; Table I ). At 6 h after chlorsulfuron application, only a decrease in the total amount of sugars that was exuded was observed.
The decrease in the export of "1C activity by the chlorsulfuron-treated leaves following exposure to "'CO2 confirms previous findings (7) that indicate that the herbicide has an effect on assimilate translocation. The agreement between the results obtained with intact seedlings and those with excised leaves occurred despite large differences in the amount of 14C activity translocated or exuded in the control plants or excised leaves. In intact seedlings, 16% of the total "'C activity assimilated was translocated out of the third leaf, 2 h after it had been exposed to "CO2. Excised leaves exuded only 4.6% of the total amount of 14C activity assimilated during the 13-h period following exposure to 14CO2.
In intact seedlings treated with the branched-chain amino acids L-valine, L-leucine, and L-isoleucine, chlorsulfuron caused little or no decrease in assimilate transport (Fig. 4) . This suggests that the decrease in assimilate transport is related directly to the mechanism of action of the herbicide. The details of how the inhibition of the biosynthesis of branchedchain amino acids, and as a consequence presumably that of proteins, is related to the decrease in the transport of assimilates out of the herbicide-treated leaf have not emerged in this study. One possibility is that the effect on assimilate translocation may be associated with the depletion of proteins involved in the transport of sucrose into the phloem.
The effect of chlorsulfuron on the assimilate transport system is restricted to a localized area close to where the herbicide is applied and enters the leaf. Chlorsulfuron decreased the amount of 14C activity and reducing sugars that was exuded by excised leaves following application of [14C]-sucrose to the areas of the leaves that had been treated with the herbicide 24 h before excision (Fig. 5, left side) . In the same leaves no such decrease occurred in the amount of 3H activity that was exuded following application of [3H]sucrose to the areas of the leaves that had been treated with blank application solution 24 h before excision. These results are consistent with findings (7) that chlorsulfuron does not spread throughout a leafreadily, ifat all, following a spot application. Presumably, if sufficient herbicide had moved from the herbicide-treated areas to the blank-treated ones, a decrease in the exudation of 3H activity would have resulted.
The ability of the branched-chain amino acid to prevent the chlorsulfuron-induced decrease in the exudation of sugars and 14C activity by the excised leaves (Fig. 5, right side) is additional evidence that suggests the decrease in export is related directly to the mechanism of action of the herbicide. The increase in export of 3H activity by excised leaves 24 h after treatment with chlorsulfuron in the presence of an exogenous supply of branched-chain amino acids cannot be explained.
Chlorsulfuron-treated excised leaves contained 50% more sugars and 70% more amino acids then excised leaves from control plants 30 h after herbicide treatment (Table I) . Only in the case of the sugars was there a concomitant increase in the amount of 14C activity recovered in that fraction. The amount of 14C activity in the amino acid fraction was not affected by chlorsulfuron.
The increase in the amount of sugar in the chlorsulfurontreated leaves is due primarily to an increase (147%) in the amount of sucrose (Table II) . No increase in the amounts of glucose and fructose was observed.
The increase in the concentration of sugars, particularly sucrose, in the treated leaves indicates that the effect of chlorsulfuron is not first of all an effect on the synthesis of sugars, but more likely on their transport into the phloem. This increase in sugars in herbicide-treated leaves has also been reported for imazapyr (21) , an imidazolinone-type herbicide known to inhibit ALS (20) . On the basis of the mass flow hypothesis of phloem transport, it can be assumed that (6, 11) . The fact that the chlorsulfuron-induced decrease in assimilate transport also occurs in excised leaves strongly suggests that the herbicide has an effect on the transport of assimilates into the phloem in the source tissue rather than an effect in the sink tissue. The effect of chlorsulfuron on assimilate translocation appears to be mediated differently than the one caused by glyphosate, a herbicide also reported to decrease phloem transport (1 1). The decrease induced by glyphosate is due to a decrease in the net carbon exchange rate, which is attributed to a decrease in the concentration of ribulose bisphosphate (12, 19) . The absence ofan effect ofchlorsulfuron on the total amount of '4CO2 assimilated by the treated leaves suggests that in the time period studied (up to 24 h) in these experiments, the herbicide had no measurable effect on photosynthesis. This confirms earlier reports (14) . The accumulation ofsucrose in chlorsulfuron-treated leaftissue suggests an effect analogous to that of p-chloromercuribenzenesulfonic acid, which inhibits the loading of sucrose into the phloem (17) .
Concomitant with the increase in sugars in chlorsulfurontreated leaftissue is an increase in the concentration ofamino acids. Both the size of the pools of the individual amino acids (or of groups of biosynthetically related amino acids), and the flux of carbon atoms through them are under metabolic control. We postulate that a decrease in the biosynthesis of one group of amino acids, i.e. the branched-chain amino acids, might not necessarily result in an immediate decrease in the total amount of amino acids in the leaf tissue. On the contrary, a decrease in the synthesis of the branched-chain amino acids might first of all result in a decrease in protein synthesis, due to a lack of availability of these amino acids. This decrease in protein synthesis might result in an accumulation of amino acids other than the branched-chain ones. The overall effect could be an increase in the total amount of amino acids in the tissue. In the absence of data on the composition of the amino acid fractions and on the total amount of 14C activity incorporated in each amino acid, the details of the effect of chlorsulfuron on amino acid metabolism in field pennycress leaves remain speculative.
One ofthe consequences ofchlorsulfuron-induced decrease in the rate of assimilate transport out of the treated leaves is a decrease in the rate at which the herbicide molecules themselves are translocated out of the treated tissue (1 1). Devine et al. (6) have suggested that on the basis of its physicalchemical properties chlorsulfuron should be translocated more readily than it is in whole plants. Assuming that chlorsulfuron has no direct effect on the loading of herbicide molecules into the phloem tissue, i.e. an effect not mediated through the inhibition of branched-chain amino acid biosynthesis, supplying the treated plant with branched-chain amino acids should increase the rate of chlorsulfuron transport.
The decrease in the export of assimilates out of leaves of field pennycress seedlings in which the synthesis of branchedchain amino acids has been inhibited by the herbicide chlorsulfuron suggests a close link between the continued availability and/or synthesis of these amino acids and assimilate export. The nature of this link remains to be determined.
